We extract the radio spectral index, α, from 541,195 common sources observed in the 150 MHz TIFR GMRT Sky Survey (TGSS) and the 1.4 GHz NRAO VLA Sky Survey (NVSS). This large common source catalog covers about 80% of the sky. The flux limits in these surveys are such as the observed galaxies are presumably hosts of active galactic nuclei (AGNs). We confirm the steepening of α with increasing flux density for this large sample and provide a parametric fit between α and flux density. Next, we divide the data into a low flux (LF) and a high flux (HF) sample of roughly equal number of galaxies. The LF sample contains all galaxies below 100 mJy TGSS and 20 mJy NVSS flux density and the HF sample is all galaxies above 100 mJy TGSS and 20 mJy NVSS. We observe an increase in α with source size (TGSS measured), saturating for large sizes to 0.89 ± 0.01 and 0.76 ± 0.00 for the LF and HF sources, respectively. For the most compact sources in the LF sample α < 0.4, indicating a significant contribution from thermal emission. We discuss the observed results and possible physical mechanisms to explain observed α dependence with source size for LF and HF samples.
INTRODUCTION
The radio emission from a distant galaxy consists of thermal and synchrotron contributions. The thermal emission is bremsstrahlung radiation from HII regions while the non-thermal synchrotron emission is generated by supernova remnants (SNRs), diffuse cosmic ray electrons (CREs) spread over the disk and halo (Biermann 1976; Condon 1992) , relativistic plasma in jets and jet fed lobes (De Young 1976; Blandford & Königl 1979) . The bright radio galaxies, relevant to flux limits in this work, are hosts of AGNs and their radio emission is predominantly synchrotron radiation from jets of relativistic plasma and jet fed lobes. These emission components are characterized by different spectral indices and, therefore, the total spectral index depends on their relative contributions. The thermal emission is almost flat (∝ ν −α ) with spectral index α th ≈ 0.1 (Condon 1992) , whereas, the radio jets exhibit a spectral index α jet = 0.5−0.9 (Bridle & Perley 1984) and the radio emission from lobes can be flat to very steep depending on energy injection and losses (Kellermann 1966) .
We compile a unique source catalog from TIFR GMRT Sky Survey (TGSS) (Intema et al. 2016) and NRAO VLA Sky Survey (NVSS) (Condon et al. 1998) , and use it to explore radio spectral index size and flux dependence. We identify a total of 541,195 sources which are common to both ⋆ ptiwari@physics.technion.ac.il TGSS and NVSS. The large sample allows us to extract spectral index in differential source size bins and we obtain statistically significant dependence of spectral index on flux density and size. Assuming that the NVSS source population peaks between redshift z ≈ 0.5 − 1 (Wilman et al. 2008; Nusser & Tiwari 2015; Tiwari & Nusser 2016) , all results in this work statistically represents the radio source population at redshift z ≈ 0.8.
The outline of the paper is as following. We discuss the NVSS and TGSS data and describe the cross matching procedure in Section 2. In Section 3 we discuss the basic mechanisms of radio emission and their spectral index. We describe the observed spectral index in Section 4. In Section 5 we give all our results. We conclude with discussion in Section 6.
DATA

TGSS
The TGSS catalog is based on the Giant Metrewave Radio Telescope (GMRT), performing all-sky radio continuum survey at 150 MHz (Swarup 1991 • . The catalog contains a total 623,604 sources (489,570 sources above flux 50 mJy) observed at 6σ peak-to-noise threshold. The accuracy of the source centroid position is better than 2 ′′ (RMS) (Intema et al. 2016 ).
NVSS
The NVSS catalog contains ∼1.7 million sources at 1.4GHz with fluxes S1.4GHz > 2.5 mJy (Condon et al. 1998 ). This flux limit roughly corresponds the TGSS fluxes (at 150 MHz). The full width at half maximum angular resolution is 45
′′ and nearly all observations are performed at uniform sensitivity. The catalog covers about 82% of the sky and has a 100% overlap with TGSS. The RMS uncertainty in angular position is up to 7 ′′ , substantially larger than TGSS.
TGSS-NVSS common source catalog
Given the TGSS angular position of each of the 623,604 TGSS sources, we identify NVSS sources within an angular distance less than 30 ′′ . In total we find 553,301 TGSS sources having at least one NVSS source within 30
′′ . A few of the TGSS sources have more than one NVSS association with our search criteria of 30 ′′ , we drop these to avoid confusion and artificial scatter in the spectral index. We end up with a total 541,195 unique sources, identified in both TGSS and NVSS. The spatial distribution of these common sources is shown in Fig.1 .
RADIO EMISSIONS IN AGNS
Thermal radio emission from H II regions
The flux density of radio thermal emission dependence on frequency is expressed as (Condon 1992) ,
At high frequencies (∼ GHz) where the electron deflection opacity is small, the ratio of the non-thermal emission approximate thermal radio emission ST with respect to nonthermal radio emission SNT is (Condon & Yin 1990) ,
where α ∼ 0.8 is the approximate non-thermal spectral index. This implies that the non-thermal emission is dominant with a thermal contribution of < ∼ 10% at 1.4 GHz and < ∼ 3% at 150 MHz.
3.2 Non-thermal radio emission
Radio emission from Jets
Electrons in plasma of jets generated by AGNS are accelerated continuously. Their number distribution is expressed as N (E) ∝ E −γ , where γ ≈ 2 (Blandford & Königl 1979) . The radio emission from such relativistic jet is α jet = (γ − 1)/2 i.e. for γ = 2, α jet = 0.5. A realistic jet, however, emits radiation with spectral index α jet = 0.5 − 0.9 (Bridle & Perley 1984) .
Radio emission from Jet fed lobes
The radio emission from extended radio-loud galaxies is dominant by radio lobes which are fed by collimated narrow jets. The radio emission from these lobes depends on electron injection and energy losses. For a continuous supply of electrons, the number distribution obtained by considering losses to synchrotron is N (E) ∝ E −1−γ (Kellermann 1966 ), corresponding to α = γ/2. If the energy injection is intermittent, then α depends on the frequency ν and the time interval between the bursts. In this case, the radio emission can be very flat (α lobes = 0.25) at low frequencies and very steep (α lobes = 1.33) at higher frequencies (Kellermann 1966 ).
OBSERVED SPECTRAL INDEX
We derive the spectral index, α, from the measured radio emission at frequencies ν TGSS =150 MHz and ν NVSS =1.4GHz for objects in the TGSS-NVSS common source catalog. For each source we compute the observed spectral index as,
where STGSS and STGSS are, respectively, the flux densities measured by the TGSS and NVSS. As we have seen in §3.1, thermal emission is negligible and this α obs is mainly fixed by the synchrotron component. We divide our catalog of common sources in two samples. The first low flux (LF) sample contains sources with TGSS and NVSS fluxes below 100 mJy and 20 mJy, respectively 1 . The second high flux (HF) sample includes sources above and equal STGSS = 100 mJy and SNVSS = 20 mJy. These flux cuts are imposed such as both samples LF and HF contain roughly 50% of sources from our common source catalog. Furthermore, the LF sample is expected to consists of mostly Fanaroff-Riley type I (FR I) galaxies whereas HF sample suppose to contain almost equal number of FR I and FR II galaxies (Wilman et al. 2008) .
The non-thermal radio emission consists mainly of synchrotron emission from jets and lobes. The spectral index from systems is not accurately known. For jets the spectral index α jet ranges from 0.5 to 0.9 (Bridle & Perley 1984) and for lobes it may be anywhere between 0.25 to 1.33 (Kellermann 1966) . In general we can not isolate the radio emission from jets and lobes, however, the relative contribution from lobes dominates in large sources. For ultra large sources and for continuous energy injection into the lobes, α lobes saturates to the value γ/2, where γ refers to the electrons in the lobes. Fig. 2 shows the distribution of α obs for sources with different cuts on STGSS. The "no cut " case includes all 541,195 sources. The number of sources for STGSS > 50, 100, 150, 200 mJy is 424, 639; 266, 885; 190, 830; 147, 171 respectively. Although the RMS spread is large, we see a clear trend of steepening of the spectral index with increasing flux. The large RMS spread is expected since individual sources have very different radio emission properties. To explore this further, we sort the sources in logarithmic bins of STGSS and plot the mean spectral indexᾱ obs in each bin as a function of the flux density in Fig.3 . The observed dependence is fitted by linear parametric form as indicated in the figure. This confirms the earlier hints of spectral index dependence on flux density (Gopal-Krishna & Steppe 1982; Steppe & Gopal-Krishna 1984; Windhorst et al. 1993; Prandoni et al. 2006; Ibar et al. 2009; Ishwara-Chandra et al. 2010; Randall et al. 2012) .
RESULTS
Radio spectral index dependence on flux density
Radio spectral index dependence on size
The size is defined as √ ab (in arcsec) where a and b are, respectively, the major and minor axis of the Gaussian fit to the source as given in TGSS. As mentioned in section 4, the observed spectral index consists of radio emission from jets and lobes. Fig. 4 shows α obs as a function of size for LF sample. The mean α obs is computed for sources lying in logarithmic bins of √ ab. The spectral index increases rapidly with size until 26 ′′ but flattens at larger sizes, becomes nearly independent of size beyond ∼ 44 ′′ and saturates to the valueᾱ obs = 0.890 ± 0.001 . Fig. 5 shows α obs versus √ ab for the HF sample. The spectral index increases very rapidly with source size and saturates to the limiting valueᾱ obs = 0.763 ± 0.002 at large sizes (
′′ ). For ultra large sources, the emission is lobe dominated and thereforeᾱ obs represents the mean spectral index from lobes. If the energy injection in lobes is continuous and the energy losses are only via synchrotron, then, as discussed in §3.2.2, this limiting value yields γ = 2ᾱ obs = 1.526 ± 0.004.
SUMMARY AND DISCUSSION
We have computed the radio spectral index from a catalog of about half a million common sources in NVSS and TGSS. We divide the catalog in two flux limited samples LF and HF. The large number of sources enable us to study the spectral index in differential size bins. The spatially integrated radio spectral index, relevant to this work, consists of radio emission from lobes and jets. We explore the source size dependence of observed spectral index and draw the following conclusions:
• We confirm the steepening of the radio spectral index with increasing flux density (Gopal-Krishna & Steppe 1982; Steppe & Gopal-Krishna 1984; Windhorst et al. 1993; Prandoni et al. 2006; Ibar et al. 2009; Ishwara-Chandra et al. 2010; Randall et al. 2012) . High flux sources are in general large in size and so the observed flux is mainly from AGN lobes. Emission from lobes is steeper compared with radio emission from jets.
• The spectral index becomes nearly independent of source size above ∼ 44 arcsec for LF sample and above ∼ 35 arcsec for HF sample. Both samples are hosts of AGNs, the LF sample is presumably dominated by FR I galaxies (Wilman et al. 2008) . Assuming that the sources lie at redshifts z ≈ 1, 44 arcsec size corresponds to ∼350 kpc (270 kpc, if at z = 0.5). For very compact sources in LF sample, the observed spectral index is flatter ∼ 0.4, this hints the significant thermal emission from nucleus in total radio emission for these compact sources.
• HF sample exhibits a very strong dependence of the spectral index on size below ∼ 35 arcsec. This is likely due to an increasing fraction of jets and nuclear radio emission in comparison to emission from lobes. The sources with larger sizes reach a saturated spectral indexᾱ obs = 0.763 ± 0.002. The radio emission from these large sources is lobe dominated and so the observed spectral index can be seen as characteristic of radio emission from lobes.
• The saturated spectral index for LF sample is steeper than HF flux sample. The LF sample is predominantly FR I (Wilman et al. 2008 ) and the lobes in these galaxies exhibit steepest spectra (Kembhavi & Narlikar 1999) , the electrons in lobes are most retarded and aged. Furthermore the slow rise of spectral index with size indicates distorted jet feature of FR I galaxies. Whereas the sharp saturation of spectral index for HF sample, which contains almost equal number of FR I and FR II galaxies (Wilman et al. 2008 ), indicates very clear domination of radio emission from lobes for these bright galaxies.
